Introduction {#section1-0963689718810327}
============

Wound healing involves the release of factors and the recruitment of inflammatory cell types at the site of injury. It consists of four phases, namely hemostasis, inflammation, tissue formation and tissue remodeling, which overlap in time. The formation of new blood vessels during this process is thought to occur via angiogenesis. Pre-existing microvascular endothelial cells, involved in the induction of microvascular hyperpermeability, cell proliferation and reconstruction of the basement membrane, form new vessels in response to a variety of signaling mechanisms^[@bibr1-0963689718810327],[@bibr2-0963689718810327]^. This process is associated with vasculogenesis, involving the recruitment of bone marrow-derived cells and the subsequent incorporation of these cells in the newly forming vessels. Acute radiation skin injury primarily involves cellular alterations and inflammation in the epidermis and dermis. Acute effects begin with erythema, edema, pigment changes and depilation^[@bibr3-0963689718810327]^. Severe radiation injury results in complete loss of epidermis and in persistent fibrinous exudates and edema^[@bibr4-0963689718810327]^. Chronic radiation skin injury includes delayed ulcers, fibrosis and telangiectasias that present weeks to years after radiation exposure^[@bibr5-0963689718810327]^. The effect on wound healing of accidental radiation exposure or of a combination of radiotherapy and surgery is a major clinical challenge, because of synergistic interactions that lead to higher morbidity and mortality than either insult would produce singly.

Adult stem cells replenish lost cells during wound healing and are key players in tissue regeneration^[@bibr6-0963689718810327],[@bibr7-0963689718810327]^. The concept that stem cell injections could be used to reduce normal tissue injury or to stimulate tissue recovery after irradiation has been discussed for a number of years^[@bibr8-0963689718810327]^. Several different types of stem cells can be isolated from adult bone marrow. Examples of some of these subpopulations of cells include hematopoietic stem cells, endothelial progenitors and mesenchymal stem cells. Several investigators have chosen to deliver unfractionated bone marrow-derived cells, a technique that has the advantage of minimizing extensive *ex vivo* manipulation of the cells to isolate and expand a selected population of cells. The potential disadvantage of delivering a mixture of cells is that the percentage of cells that are therapeutically useful may be small.

In particular, transplantation of bone marrow mononuclear cells (BMMNC) has been shown to stimulate neovascularization after experimental ischemic injury, resulting in long-term salvage and survival of viable tissue, reduced tissue remodeling and improved organ function^[@bibr9-0963689718810327],[@bibr10-0963689718810327]^. We previously showed the beneficial effect of BMMNC in wound healing from radiation exposure^[@bibr11-0963689718810327]^. The identification of a central role for BMMNC in tissue revascularization and preservation of function after radiation has renewed the great hope for an efficient pro-remodeling and pro-angiogenic skin therapy with reduced side effects. The use of BMMNC is now being studied in humans, and early small and uncontrolled studies point to a great potential for such therapy in limiting disease progression^[@bibr12-0963689718810327]^. However, the safety of BMMNC-based therapy following exposure to radiation is not currently known and has not been tested in experimental studies. Some factors secreted by BMMNC play an important role in neovascularization, such as vascular endothelial growth factor (VEGF), whereas monocyte chemoattractant protein 1 (MCP-1) may potentiate the deleterious skin inflammatory response observed after high-dose irradiation^[@bibr13-0963689718810327]^. The maintenance of such a response could contribute to the development and progression of late vascular and tissue radiation damage associated with the inflammatory reaction.

In the present study, we examined the early and late effects of transplantation of BMMNC on the re-epithelialization and vascular dysfunction in radiation-induced skin lesions in mice.

Materials and Methods {#section2-0963689718810327}
=====================

Animal Models and Study Protocols {#section3-0963689718810327}
---------------------------------

### Animal model of irradiation; Wound model; Bone marrow cell transplantation {#section4-0963689718810327}

Wild-type male C57Bl/6 mice, 7 weeks old, (Charles River, Saint Germain sur l'Arbresle, France), were housed four to a cage and received commercial rodent chow and acidified water *ad libitum*. All experimental procedures were approved by the animal care committee of the Institute of Radioprotection and Nuclear Safety and conformed to the French regulations for animal experimentation (Act no. 2001-464, May 29 2001).

Two days before irradiation, mice weighing 19--22 g were anesthetized by spontaneous inhalation of isoflurane-N~2~O (F*~i~*O*~2~*0.35, 0.015L/L Aerrane, isoflurane, Baxter S.A.S., Maurepas, France). The entire back was shaved and remaining roots were removed with hair depilatory cream on each mouse (Veet, Reckitt Benckiser, Massy, France). Prior to irradiation, mice were anesthetized by intraperitoneal injection of a mixture of ketamine (100 mg/kg, Virbac France, Carros, France) and xylazine (10 mg/kg, Rompun, Bayer Healthcare, Puteaux, France). Mice were laid on a Polymethyl Methacrylate (PMMA) device (Leroy Merlin, France); the dorsal skin was gently stretched and maintained with two suturing lines (Vicryl, Ethicon, Johnson-Johnson Intl, Belgium). The area of the dorsal skin exposed to the ionizing radiation was 2 cm × 4 cm. Irradiation was given as a local single exposure (20 Gy; 1.5 Gy/min) using 1.25 MeV γ-rays of a collimated ^60^Co source (ICO 4000, IRSN, Fontenay aux roses, France). The reference dose rate was established with a PTW ionization chamber (PTW, Freiburg, Germany) in realistic irradiation conditions in air on the PMMA plate with a tissue-equivalent phantom at mouse body position to generate retro-scattered radiation from the mice bodies. The ionization chamber of 0.125 cm^3^ was calibrated in term of tissue kerma at IRSN reference ^60^Co facility (accredited metrological unit SMH no. 2-1612 -- COFRAC accreditation, France). Sham-irradiated mice were handled like irradiated mice but were not exposed to the radiation source. Immediately after irradiation, an excisional 8 mm full-thickness skin wound was created on the midline of the dorsal skin using a sterile biopsy punch. The wound was left uncovered. Suspensions of BMMNC and phosphate-buffered saline (PBS) were intramuscularly injected all around the wound. Five groups were formed (*n* = 12--15 mice per group): non-irradiated and non-punched (NIR-NP), irradiated and non-punched (20 Gy NP); non-irradiated and punched (NIR-P), irradiated and punched (20 Gy P); and irradiated, punched and treated mice (20 Gy P+BMMNC). An overview of animal groups and measurements is described in Supplemental Table 1, available online.

Mice were observed daily until day 60 following radiation exposure.

### Bone marrow cell isolation {#section5-0963689718810327}

Bone marrow cells were isolated by flushing tibias and femurs of C57Bl/6 mice. Low-density mononuclear cells were then isolated by density gradient centrifugation with Ficoll (Sigma-Aldrich, Saint-Quentin Fallavier, France). BMMNC (1 × 10^6^ cells/100 µl of PBS) were intramuscularly administered just after BMMNC isolation in each animal immediately after wounding.

### Intravital microscopy {#section6-0963689718810327}

Mice were anesthetized by intraperitoneal injection of 2.5% tribromoethanol (0.15 mL/10 g body weight, Sigma-Aldrich) and leukocytes were stained by intravenous administration of 10.4% rhodamine 6G (62.5 µl/mouse, Sigma-Aldrich). The mice were maintained at 37°C on a heating-pad during the whole experiment. A dorsal skin flap was dissected free from the body and was placed in a 5% gelatin-coated PMMA chamber for observation of the dorsal microcirculation (Sigma-Aldrich). By preserving all the vessels at one side of this flap from the cranial side to the caudal side, blood circulation was maintained in this part and allowed visualization and quantification of leukocyte--endothelial interactions. Following 5-min stabilization after intravenous injection of rhodamine 6G, 50--100 µm diameter venules were selected for direct observation of leukocyte--endothelium interactions as previously described^[@bibr13-0963689718810327]^.

Two parameters of leukocyte--endothelium interactions were measured using intravital microscopy: (1) the mean leukocyte rolling velocity and (2) the number of rolling leukocytes. Leukocyte--endothelial interactions were quantified using the software Histolab 4.3.6. Leukocyte--endothelial interactions were analyzed for 1--4 minutes per vessel within a square of 25 × 25 µm^2^, 50 × 50 µm^2^ or 100 × 100 µm^2^ depending on the vessel diameter, and quantifications were normalized thereafter per min/0.01 mm^2^. Experiments were performed on 4--5 animals per group, and 3--5 vessels per animal were quantified.

### Skin vascular permeability {#section7-0963689718810327}

To quantify vascular leakage in the dorsal skin venules 60 days after irradiation, with or without BMMNC injection, 25 mg/kg fluorescein isothiocyanate (FITC)-labeled 77-kDa dextran (Sigma-Aldrich) was administered intravenously to anesthetized mice. Blood vessels were visualized with a fluorescence inverted microscope (Nikon, Champigny sur Marne, France). Fluorescence intensity was recorded 1--30 minutes after FITC-dextran injection with an Exwave HAD digital color camera (Sony, Microvision Instruments, Evry, France). Fluorescence intensity was quantified using the software Histolab 4.3.6 (Microvision Instruments, Evry, France) and was measured within the vessel under study (I int) and in a contiguous area of perivascular interstitium (I ext). Background fluorescence intensity (Bg) was subtracted from each value. An index of vascular leakage (IP) was calculated by dividing (I ext -- Bg) by (I int -- Bg)^[@bibr14-0963689718810327]^. Experiments were performed on three animals/group and 30 vessels/animals were analyzed for the calculation of the permeability index. Sampling area was proximal to the punch lesion where skin was irradiated.

### Multiphoton microscopy (second harmonic generation) {#section8-0963689718810327}

Mouse skin tissue was embedded in an optimum cutting temperature compound (OCT, Tissue-Tek, Sakura Finetek, Zoeterwoude, The Netherlands), frozen in liquid nitrogen and stored at --80°C. Then cryo-samples were cut into 250--300 µm-thick sections for imaging. Skin samples of each group were imaged using a multiphoton confocal microscope (LSM 780 NLO, Carl Zeiss Microimaging, Le Pecq, France). Images of collagen fiber orientation, distribution and intrinsic fiber structure from the dermis were collected using a Plan-Apochromat 20× (1.0-NA) water immersion objective lens (Carl Zeiss). A tunable titanium/sapphire femtosecond laser (Chameleon, Coherent, Courtaboeuf, France) was used to excite the specimen. Second harmonic generation signals for collagen were collected at 800 nm.

Quantitative Histopathology, Immunohistochemistry Methods and Morphometry {#section9-0963689718810327}
-------------------------------------------------------------------------

### Vascular network {#section10-0963689718810327}

A macrophotograph of each skin flap was taken and analyzed by Histolab 4.3.6 in order to quantify the vascular area around the punch (the vascular area was expressed as the area occupied by vessels in the same quantification area in all conditions) and the number of vascular segments (nonbranching blood vessel)^[@bibr15-0963689718810327]^.

### Skin biopsies {#section11-0963689718810327}

Two skin samples per mouse were taken as 8 mm × 16 mm biopsies from the center of the skin flap and corresponding to the central area of the lesion. Each skin sample was cut into two equal parts (8 × 8 mm) through the center of the wound. The first sample was fixed in 4% formaldehyde and embedded in paraffin for histological assessments and immunohistochemistry (4--7 mice per group). Two samples (for leukocyte staining and multiphoton experiments) were embedded in Tissue-Tek OCT compound (Sakura Finetek), snap-frozen in liquid nitrogen and stored at --80°C for immunolabeling. The last sample was stored in RNA later solution (Qiagen, Courtaboeuf, France) for RNA extraction.

### Analyses of re-epithelialization {#section12-0963689718810327}

The paraffin-embedded skin was cut into 5 µm sections, deparaffinized, hydrated, dehydrated and stained with haematoxylin, eosin and safran (HES, Sigma-Aldrich) for histological examinations. Width of the wound and distance of the traversed epithelium was measured at day 7 by capturing images of HES-stained sections from a Zeiss Axiophot microscope using a video color camera (JVC KY-F75U, Carrières sur Seine, France) and was measured using Histolab 4.3.6.

### Collagen histochemical analysis {#section13-0963689718810327}

Sections were stained with Sirius red to evaluate collagen content (Sigma-Aldrich). Collagen was quantified by image analysis using Histolab 4.3.6.

### Immunohistochemistry labeling {#section14-0963689718810327}

Polyclonal rat anti-mouse-CD45 IgG antibody (BD Pharmingen, San Jose, CA, USA) was used at 1/2000 to identify leukocytes. Quantification of leukocytes was expressed as the number of CD45-positive cells per square millimeter of tissue.

Immunohistochemical staining using rat anti-mouse CD62E (E-selectin) IgG antibody (1/2000, BD, USA), goat anti-mouse CD54 (ICAM-1) IgG antibody (1/200, R&D Systems, Lille, France), rat anti-mouse F4/80 (1/500, Tébu-Bio, Le Perray en Yvelines, France) and rat anti-mouse CD31 (1/100, Millipore, Mosheim, France) was performed on frozen skin sections. Mouse secondary antibodies were then used at a dilution of 1/200 (alexa 488 goat anti-rat, alexa 488 rabbit anti-goat and alexa 568 goat anti-rat, Molecular Probes, Saint Aubin, France). Specificity of immunohistochemical staining was demonstrated by the absence of staining products using a non-immune corresponding immunoglobulin. The number of vessels positive for CD31, F4-80, E-selectin and ICAM-1 was qualitatively determined by image analysis using Histolab 4.3.6.

### RNA Isolation and RT Real-Time Quantitative PCR {#section15-0963689718810327}

Total RNAs were isolated from skin biopsies using RNeasy Fibrous Tissue Mini Kit (Qiagen), according to the manufacturer's recommendations. Total RNA integrity was analyzed using Agilent 2100. After quantification on a NanoDrop ND-1000 apparatus (Nanodrop Technologies, Rockland DE, USA), 1 µg of total RNA was used for reverse transcription (RT) using the High Capacity Reverse Transcription Kit (Life Technologies, Paisley, UK) according to the manufacturer's instructions. PCR amplification was performed using Taqman PCR master Mix (Life Technologies) with the ABI PRISM 7900 Sequence detection system (Life Technologies).

TaqMan gene expression assays were used as follows: Coll1a1 (Mm00801666_g1), Coll1a2 (Mm00483888_m1), Coll3a1 (Mm00802331_m1), ICAM-1 (Mm00516023_m1), IL6 (Mm00446190_m1), IL10 (Mm00439616_m1), MCP1 (Mm00441242_m1). To calculate relative gene expression levels between different samples, we used the threshold cycles (Cts) normalized to the Ct of GAPDH as an internal control (TaqMan® Rodent GAPDH, Life Technologies). Relative mRNA quantification was performed by using the comparative ΔΔCT method.

### Data analysis {#section16-0963689718810327}

Results are presented as means ± SEM (standard error of the mean). One-way analysis of variance (ANOVA) was used to compare each parameter. Post hoc Tukey or Dunn tests were then performed to identify which group differences account for the significant overall ANOVA (Sigma Plot 11.0, Jandel Scientific, Systat software, San Jose, CA, USA). Differences were accepted as statistically significant at *p* \< 0.05.

Results {#section17-0963689718810327}
=======

BMMNC Promoted Wound Healing and Re-Epithelialization at Day 7 after Skin Radiation Injury {#section18-0963689718810327}
------------------------------------------------------------------------------------------

The rate of wound healing was significantly increased following BMMNC injection, as previously described^[@bibr11-0963689718810327]^. Irradiation tended to increase wound size compared with non-irradiated (NIR) mice from 2636 ± 422 µm to 3347 ± 251 µm, whereas re-epithelialization increased markedly in BMMNC-injected mice compared with untreated mice ([Fig. 1A](#fig1-0963689718810327){ref-type="fig"}), leading to a reduction in scar size (*p* \< 0.001; [Fig. 1B](#fig1-0963689718810327){ref-type="fig"}).

![Characterization of the cutaneous radiation model at day 7 after skin injury and BMMNC injection. A: For 3 conditions after skin punch (P): non-irradiated (NIR-P), 20 Gy irradiated (20 Gy P) and 20 Gy irradiated + BMMNC injection (20 Gy P + BMMNC). Representative half HES-stained section of mouse dorsal skin 7 days after irradiation (original magnification ×5; scale bar: 200 µm). Re-epithelialization was measured as the distance the newly formed epidermis migrated (dotted arrow) into the center of the wound bed in each group (*n* = 7). B: Top: representative photomicrographs of the dorsal skin punch wound healing in the three groups 7 days after injury (*n* = 7). Bottom: quantification of dorsal scar size from HES-staining sections (*n* = 7). C: Quantification of collagen density from Sirius red-stained sections (*n* = 4). D: Photomicrographs of Sirius red-stained sections of the dorsal skin; red staining intensity corresponds to the amount of collagen deposition (original magnification ×5; scale bar: 200 µm). E, F: Multiphoton imaging of the collagen network of the upper (E) and reticular (F) dermis of the dorsal skin (original magnification ×20; scale bar: 50 µm, blue: dapi; gray: SHG signals). G: Left: quantification of SHG pictures: collagen density. Right: mean diameter of the collagen fibers (*n* = 3). H: Quantitative PCR analysis of skin mRNA levels of collagens 1A1, 1A2 and 3A1 (*n* = 3). Results are shown as fold change of expression compared with skin tissue from non-irradiated, non-punched animals (NIR-NP), set to 1. Data are expressed as the mean ± SEM; \*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05 relative to NIR group or the untreated group, NS: not significant.](10.1177_0963689718810327-fig1){#fig1-0963689718810327}

Changes in skin re-epithelialization were associated with a modification in tissue collagen content. Collagen levels quantified by Sirius red staining tended to decrease after irradiation, while BMMNC administration tended to increase collagen levels by 1.3-fold compared with untreated mice, though not significantly (collagen density: 0.51 ± 0.07 vs. 0.65 ± 0.03) (Fig. [1C](#fig1-0963689718810327){ref-type="fig"}, [D](#fig1-0963689718810327){ref-type="fig"}). In order to get more detailed information about the matrix network of the dermis, we took advantage of collagen fiber effectiveness in second harmonic generation (SHG) and performed collagen analysis by multiphoton microscopy ([Fig. 1E](#fig1-0963689718810327){ref-type="fig"}, [F](#fig1-0963689718810327){ref-type="fig"}). Collagen density was significantly decreased by 1.8-fold after radiation dermal incision compared with NIR mice (collagen density: 0.81 ± 0.04 vs. 0.45 ± 0.05; *p* \< 0.001), whereas BMMNC injection resulted in significantly increased collagen deposition by 1.4-fold compared with untreated animals (collagen density: 0.45 ± 0.05 vs. 0.61 ± 0.03; *p* \< 0.05) ([Fig. 1G](#fig1-0963689718810327){ref-type="fig"}, left). In addition, the mean diameter of collagen fibers was significantly reduced by 1.3-fold after dermal incision compared with uninjured mice (mean diameter: 7.77 ± 0.20 µm vs. 5.94 ± 0.19 µm; *p* \< 0.001), with no additional effect after irradiation ([Fig. 1G](#fig1-0963689718810327){ref-type="fig"}, right). In contrast, the mean fiber diameter was significantly increased in BMMNC-injected mice compared with untreated animals (6.08 ± 0.16 µm vs. 6.96 ± 0.19 µm; *p* \< 0.01). Interestingly, irradiated mice displayed reduced tissue expression of collagen 1A1, 1A2 and 3A1 mRNAs compared with NIR animals, which was also observed in BMMNC-injected animals. Finally, no effect of the BMMNC administration on the mRNA collagen expression was observed ([Fig. 1](#fig1-0963689718810327){ref-type="fig"} H).

BMMNC Inhibited the Radiation-Induced Vascular Activation at Day 7 {#section19-0963689718810327}
------------------------------------------------------------------

We previously showed that high-dose skin irradiation induced endothelium activation^[@bibr13-0963689718810327]^. Intravital microscopy analysis of the interactions between leukocytes and endothelial cells around the dermal incision ([Fig. 2A](#fig2-0963689718810327){ref-type="fig"}*ii--iv*) revealed a significant 1.3-fold reduction in leukocyte rolling velocity after irradiation compared with NIR mice, in non-punched (NP) conditions, though the number of rolling leukocytes remained unaltered ([Fig. 2B](#fig2-0963689718810327){ref-type="fig"}).

![The vascular network in the wound healing process 7 days after skin injury and BMMNC injection. A: (*i*) Representative immunohistochemical analysis of CD31 (red) in the dorsal skin (arrow; original magnification ×20; scale bar: 100 µm). (*ii*) Vascular network of the dorsal skin flap where intravital experiments were performed. (*iii*) Magnification of the punched area. (*iv*) Visualization by intravital videomicroscopy of leukocyte--endothelium interactions in the dorsal skin vessels around the punch after intravenous administration of rhodamine 6G (original magnification ×40; scale bar: 50 µm). B: The number of rolling leukocytes (R) per min per 0.01 mm^2^ (left) and the rolling velocity (right) were determined by intravital microscopy 7 days post-injury around the skin lesion. Data are expressed as the mean ± SEM (0 Gy: *n* = 4 mice; 20 Gy: *n* = 5 mice). C: Representative immunohistochemical analysis of CD45 (red), ICAM1 (green), F4-80 (red) and E-selectin (green) in the dorsal skin (arrows; original magnification ×20; scale bar: 100 µm). D: Qualitative observation of 10 fields for each mouse of each group for CD45, CD31, ICAM1, F4-80 and E-selectin labeling (*n* = 3). E: Quantitative PCR analysis of skin tissue mRNA levels of ICAM1, IL6, IL10 and MCP1 (*n* = 3). Data are expressed as the mean ± SEM. \*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05 relative to the NIR group or to the untreated group, NS: not significant.](10.1177_0963689718810327-fig2){#fig2-0963689718810327}

In the punched (P) condition, we found a similar reduction in the rolling velocity for both irradiated and NIR animals compared with control NP mice. More importantly, BMMNC injection restored basal rolling velocity values similar to NIR-NP mice ([Fig. 2B](#fig2-0963689718810327){ref-type="fig"}). In addition BMMNC-injected mice displayed an increased vascular density, as evaluated by CD31 immunohistochemistry ([Fig. 2A](#fig2-0963689718810327){ref-type="fig"}*i*). Altogether, these results suggest that BMMNC inhibit irradiation-induced acute vascular activation by reducing the strength of the interactions between leukocytes and the endothelium.

BMMNC did not Exacerbate the Inflammatory Response at Day 7 {#section20-0963689718810327}
-----------------------------------------------------------

Similar to our previous study^[@bibr13-0963689718810327]^, semi-quantitative analysis of immunostained tissue showed a massive infiltration of inflammatory leukocytes (CD45+) and macrophages (F4/80+) in the skin following irradiation ([Fig. 2C](#fig2-0963689718810327){ref-type="fig"}, [D](#fig2-0963689718810327){ref-type="fig"}). Interestingly, skin tissue inflammation in BMMNC-injected mice was similar to untreated animals ([Fig. 2C](#fig2-0963689718810327){ref-type="fig"}, [D](#fig2-0963689718810327){ref-type="fig"}). Furthermore, the radiation-induced inflammatory infiltrate was accompanied by increased tissue gene expression of IL-6 and MCP-1 by 1.8- and 2.5-fold, respectively, compared with NIR mice (*p* \< 0.05 and *p* \< 0.01, respectively; [Fig. 2E](#fig2-0963689718810327){ref-type="fig"}). However, no modifications in gene expression were observed after BMMNC injection compared with irradiated mice. In addition, no changes were noted in ICAM1 or IL-10 gene expression levels in either group. These results suggest that BMMNC injection does not exacerbate the acute radiation-induced inflammatory response.

BMMNC Effect on Matrix Remodeling 60 Days after Skin Injury {#section21-0963689718810327}
-----------------------------------------------------------

As shown in [Fig. 3A](#fig3-0963689718810327){ref-type="fig"}, 60 days after irradiation, wound closure was largely completed. Sirius red staining and SHG microscopy analyses indicated that collagen levels were still significantly reduced by 1.4-fold and 1.3-fold, respectively, in irradiated mice compared with NIR animals (*p* \< 0.05) ([Fig. 3B--D](#fig3-0963689718810327){ref-type="fig"}). However, BMMNC treatment led to an increase in collagen density compared with untreated animals (*p* \< 0.01), reaching levels similar to control NIR mice ([Fig. 3C, D](#fig3-0963689718810327){ref-type="fig"}). Moreover, the mean collagen fiber diameter was still significantly reduced in punched animals compared with control mice (8.65 ± 0.22 µm vs. 5.08 ± 0.13 µm, *p* \< 0.001), while it was slightly, yet significantly, increased in the irradiated group, and to a larger extent in BMMNC-injected mice (5.08 ± 0.13 µm vs. 5.98 ± 0.15 µm vs. 7.04 ± 0.19 µm, respectively, *p* \< 0.001) ([Fig. 3D](#fig3-0963689718810327){ref-type="fig"}, right). In addition, irradiated mice displayed reduced tissue expression levels of collagen mRNAs compared with NIR animals, which were reverted in BMMNC-injected mice ([Fig. 3E](#fig3-0963689718810327){ref-type="fig"}).

![Characterization of the cutaneous radiation model at day 60 after skin injury and BMMNC injection. A, B: Photographs of HES (A) and Sirius red (B) -stained sections of the dorsal skin of mice (original magnification ×5; scale bar: 200 µm). C: Quantification of collagen density from Sirius red-stained sections shown in (B) (*n* = 5). D: Quantification from SHG pictures: collagen density and mean collagen fiber diameter (*n* = 3). E: Quantitative PCR analysis of skin mRNA levels of collagens 1A1, 1A2 and 3A1 (*n* = 3). Data are expressed as the mean ± SEM; \*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05 relative to the NIR group or the untreated group, NS: not significant.](10.1177_0963689718810327-fig3){#fig3-0963689718810327}

BMMNC Inhibited the Radiation-Induced Vascular Activation at Day 60 {#section22-0963689718810327}
-------------------------------------------------------------------

In agreement with our previous study^[@bibr13-0963689718810327]^, the leukocyte rolling velocity was still significantly reduced in both groups of irradiated animals (P and NP; [Fig. 4B](#fig4-0963689718810327){ref-type="fig"}, right and online supplemental video S1-S2), accompanied by an increased number of rolling leukocytes compared with NIR controls (41 vs. 128 R/min/0.01mm^2^, *p* \< 0.05) ([Fig. 4A and B](#fig4-0963689718810327){ref-type="fig"}, left). This observation confirms the sustained vascular activation state over a period of 60 days following irradiation. Strikingly, BMMNC-injected mice showed values of rolling velocity similar to controls, compared with untreated animals (73.4 ±3.2 µm/s vs. 102.7 ± 5.2 µm/s, *p* \< 0.01), together with a reduced number of rolling leukocytes (128 vs. 75 R/min/0.01mm^2^ *p* \< 0.05) ([Fig. 4B](#fig4-0963689718810327){ref-type="fig"} and online supplemental video S3). Altogether, these results suggest that a single BMMNC injection exerts long-lasting effects in preventing radiation-induced cutaneous vascular activation.

![The vascular network in the wound healing process 60 days after skin injury and BMMNC injection. A: Visualization by intravital videomicroscopy of leukocyte--endothelium interactions in the dorsal skin vessels around the punch after intravenous administration of rhodamine 6G (original magnification ×40; scale bar: 50 µm). B: The number of rolling leukocytes (R) per min per 0.01 mm^2^ (left) and the rolling velocity (right) were determined by intravital microscopy around the area corresponding to the injured site. Data are expressed as the mean ± SEM (*n* = 5 mice). \*\*\**p* \< 0.001, \*\**p* \< 0.01, \**p* \< 0.05 relative to the NIR group or to the untreated group, NS: not significant. C: Representative immunohistochemical analysis of CD45 (red), ICAM1 (green), F4-80 (red) and E-selectin (red) in the dorsal skin (*n* = 3; original magnification ×20; scale bar: 100 µm). D: Qualitative observation of 10 fields for each mouse of each group for CD45, ICAM1, F4-80 and E-selectin labeling (*n* = 3). E: Quantitative PCR analysis of skin tissue mRNA levels of ICAM1, IL6, IL10 and MCP1 (*n* = 3). Data are expressed as the mean ± SEM; \**p* \< 0.05.](10.1177_0963689718810327-fig4){#fig4-0963689718810327}

BMMNC Effect on the Inflammatory Response at Day 60 {#section23-0963689718810327}
---------------------------------------------------

A sustained inflammatory infiltrate including CD45+ leukocytes and F4/80+ macrophages was still observed in the skin 60 days post-radiation injury, with moderate increase of CD45 labeling in BMMNC-injected mice estimated by semi-quantitative analysis of immunostained tissue ([Fig. 4C](#fig4-0963689718810327){ref-type="fig"}, [D](#fig4-0963689718810327){ref-type="fig"}).

A sustained inflammatory reaction was still observed in the late phase of the BMMNC-injected animals. Furthermore, although tissue expression levels of IL-6, IL-10, ICAM1 and MCP-1 genes were similar between irradiated and NIR mice, the BMMNC-injected animals showed increased levels of MCP-1 mRNA, and a mild, non-significant increase of IL-10 and IL-6 mRNAs, compared with untreated mice ([Fig. 4E](#fig4-0963689718810327){ref-type="fig"}).

BMMNC Restored the Vascular Function at Day 60 {#section24-0963689718810327}
----------------------------------------------

We found that skin vascular density, as defined as the area occupied by vessels relative to total quantification area^[@bibr15-0963689718810327]^, was unchanged upon radiation exposure ([Fig. 5A](#fig5-0963689718810327){ref-type="fig"}, left), while the number of vascular segments was significantly reduced ([Fig. 5A](#fig5-0963689718810327){ref-type="fig"}, right), indicating persisting vasodilation 60 days post-irradiation in both P and NP groups. In contrast, BMMNC-injected mice displayed markedly reduced vascular area compared with untreated animals ([Fig. 5A](#fig5-0963689718810327){ref-type="fig"}, left), accompanied by an increase in the number of vascular segments ([Fig. 5A](#fig5-0963689718810327){ref-type="fig"}, right), suggesting increased angiogenesis with an inhibition of vascular dilation. These effects were illustrated using the CD31 marker ([Fig. 5B](#fig5-0963689718810327){ref-type="fig"}).

![Evaluation of the vascular function 60 days after skin injury and BMMNC injection. A: Left: quantification of the vascular density or area occupied by vessels per unit area was quantified by image analysis of the dorsal skin. Right: the number of vascular segments in the same area was quantified by manual counting (*n* = 3). B: Representative immunohistochemical analysis of CD31 (red) in the dorsal skin (arrow; original magnification ×20; scale bar: 100 µm) and qualitative observation of 10 fields for each group (*n* = 3). C: FITC-dextran leakage from dorsal skin venules was evaluated for 30 minutes (original magnification ×20; scale bar: 100 µm). D: Quantification of the permeability index as a function of time (*n* = 3). Data are expressed as the mean ± SEM; \*\**p* \< 0.01, \**p* \< 0.05.](10.1177_0963689718810327-fig5){#fig5-0963689718810327}

These observations suggest a sustained beneficial effect of BMMNC injection on vascular function in late phase in irradiated conditions. Moreover, our data demonstrated that BMMNC injection resulted in a mild, yet significant increase of vascular permeability at 1, 10, 20 minutes and 30 min after dextran-FITC injection compared with untreated animals ([Fig. 5C and D](#fig5-0963689718810327){ref-type="fig"}).

Discussion {#section25-0963689718810327}
==========

The main objective of this study was to demonstrate the beneficial role of BMMNC administration in remodeling processes and in repair of radiation-induced vascular damage in the acute and late phases. Further, we demonstrated that BMMNC injection in irradiated skin lesions does not heighten the inflammatory response to irradiation.

In the present study, we underlined the beneficial effect of BMMNC on re-epithelialization and wound healing in irradiated conditions. Collagen density in skin tissue decreased 7 days after irradiation, compared with NIR tissue, in association with a decrease in collagen fiber diameter, as measured by SHG microscopy. Moreover, these results were associated with a decrease in the expression of three collagen genes: col1A1, col1A2 and col 3A1. This decrease in collagen component was maintained 60 days after irradiation. Importantly, we found that BMMNC administration restored the collagen density and mean fiber diameter, together with a tendency to upregulate collagen genes expression in the skin tissue at day 60. These observations are in accordance with studies showing that fibroblasts and myofibroblasts from irradiated tissue exhibit abnormalities in collagen production and contractile properties and may be permanently altered by radiation^[@bibr16-0963689718810327],[@bibr17-0963689718810327]^. They do not produce sufficient collagen to keep up with the demands of wound healing, or the collagen that is produced does not mature quickly enough to meet these demands during the acute phase of wound healing. In a wound healing model of 18 Gy-irradiated guinea pigs, Bernstein et al. demonstrated a downregulation of gene expression of the A1 chain of type 1 collagen in wounds 7 days after irradiation^[@bibr18-0963689718810327]^. Similarly, in a clinical study of irradiated breast cancer, using scanning electron microscopy, thinner fibers were observed in the irradiated skin^[@bibr19-0963689718810327]^. Finally, our data are in accordance with other studies showing that transplantation of fibroblasts in both irradiated and NIR settings partially restores wound healing^[@bibr20-0963689718810327],[@bibr21-0963689718810327]^.

Leukocyte recruitment is a multistep process, which includes leukocyte rolling, activation, firm adhesion to the endothelium and leukocyte infiltration in the tissue. It contributes to the first step in the inflammatory response^[@bibr22-0963689718810327],[@bibr23-0963689718810327]^. We previously showed that endothelium activation after irradiation is deleterious for vascular function and contributes to skin pathogenesis and deleterious effects in the short and long term^[@bibr13-0963689718810327]^. In the present study we demonstrated that BMMNC administration following radiation injury prevented radiation-induced endothelium activation, associated with an increase in leukocyte rolling velocity in the skin lesion 7 days post-injury. Furthermore, we observed that the BMMNC protective effect against endothelial activation was sustained for at least 60 days after irradiated skin injury. These data suggest that a single BMMNC injection results in acute and long-lasting inhibition of radiation-induced endothelial activation.

The vascular dysfunction observed *in vivo* after irradiation is in agreement with the early vascular activation and cell surface expression observed after the dorsal irradiation of NP skin murine model^[@bibr13-0963689718810327]^ and *in vitro* in skin organ cultures and cultured human dermal microvascular endothelial cells^[@bibr24-0963689718810327]^. Therefore, a significant increase in leukocyte rolling and adherence to the endothelium of the vascular wall was noted following irradiation of rat skin-fold window chambers^[@bibr25-0963689718810327]^. Moreover, vascular dysfunction was associated with downregulation of nitric oxide (NO) expression in the blood vessels and with a decrease in cytokines and expression of adhesion molecule^[@bibr13-0963689718810327]^.

A previous study has demonstrated that the administration of BMMNC induces immediate endothelial nitric oxide synthase (eNOS)-dependent vasodilation in ischemic femoral arteries^[@bibr26-0963689718810327]^. In fact, it has also been shown that NO regulates leukocyte trafficking by preventing leukocyte adherence to the endothelium^[@bibr27-0963689718810327],[@bibr28-0963689718810327]^. Recruitment of monocytes triggered by MCP-1 was shown to induce arteriogenesis at inflammatory ischemic sites^[@bibr29-0963689718810327]^. Because BMMNC contain monocyte-lineage progenitor cells, we hypothesized that the injection of BMMNC could contribute to the development and the progression of late tissue and vascular radiation damage. Our results indeed confirmed that leukocyte and macrophage accumulation in the skin tissue at day 7 post-irradiation was maintained, yet not increased by BMMNC injection in the wound area. In addition, irradiation induced expression of IL-6 and MCP-1 in the tissue 7 days after skin injury, which is in agreement with an increase in neutrophil and macrophage infiltration. Interestingly, BMMNC therapy did not heighten this cytokine secretion and consequently the inflammatory reaction. Surprisingly, we observed that BMMNC administration resulted in increased tissue expression of IL-6 and MCP-1 after 2 months, associated with neutrophil and macrophage infiltration in the tissue.

Our results show that vascular dysfunction induced by local irradiation of the skin is maintained for at least 2 months after skin injury. Furthermore, we show that there is a downregulation of the number of vascular segments counted around the skin injury, associated with low levels of CD31 expression in the skin lesion compared with NIR animals. More importantly, BMMNC administration restored vascular function in the skin after irradiation and induced hyperpermeability, which is required for angiogenesis^[@bibr26-0963689718810327]^. These results are in agreement with previous reports showing that BMMNC induce vasodilation of pre-existing vascular networks and increase vascular permeability, which are both crucial to BMMNC-stimulated neovascularization^[@bibr26-0963689718810327]^.

Our results show that BMMNC have a beneficial effect on radiation-induced vascular function late in the course of injury. These findings are in accordance with the identification of a central role for BMMNC in tissue revascularization and in preservation of function in radiation-induced vascular damage, which has renewed hope for an effective proangiogenic therapy with reduced side effects^[@bibr30-0963689718810327]^.

Finally, it is likely that the overall biological effects of BMMNC result from the synergistic interactions of the multiple components of the BMMNC on multiple signaling pathways. Three types of multipotent bone marrow-derived cells have been shown to have significant therapeutic potential in tissue regeneration: hematopoietic stem cells, mostly myeloid progenitors, mesenchymal stem cells (MSC), and endothelial progenitor cells (EPC). In our skin injury model we have previously shown that EPC stimulated the neovascularization process^[@bibr31-0963689718810327]^ and MSC isolated from the bone marrow increased the wound healing process, associated with immunomodulatory effects^[@bibr6-0963689718810327]^. Regarding the literature, we can consider that we will have a beneficial effect provided by the immunomodulatory function of MSC on the radiation-induced skin injury. In order to highlight the role of the inflammatory cells supplemental experiments based on administration of BMMNC depleted in CD4+ or CD8+ or CD11b+ cells (using CD4-/- or CD8-/- or CD11b-/- knock-out mice) would be required.

In conclusion, with a specific experimental model simulating the clinical outcomes observed after radiotherapy, the present study underlines the importance of vascular dysfunction and collagen remodeling during both the acute and late phases of skin reaction to radiation. Further, BMMNC therapy in the early phase yielded more favorable collagen remodeling and vascular function, which helped to accelerate re-epithelialization and skin wound healing. More importantly, our work also suggests that the beneficial effects of BMMNC were maintained in the late phase and contributed to efficient control of vascular function without heightening the inflammatory response to irradiation. These observations may suggest that stem cell therapy based on BMMNC would be of major benefit for the treatment of radiological skin burns.
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